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a  b  s  t  r  a  c  t
Little  work  has  been  conducted  that examines  the  effects  of positive  environmental  experi-
ences on brain  development  to date.  The  aim of  this  study  was  to  prospectively  investigate
the  effects  of positive  (warm  and  supportive)  maternal  behavior  on  structural  brain  devel-
opment during  adolescence,  using  longitudinal  structural  MRI. Participants  were  188  (92
female)  adolescents,  who  were  part of  a longitudinal  adolescent  development  study  that
involved  mother–adolescent  interactions  and MRI  scans  at approximately  12 years  old,
and follow-up  MRI  scans  approximately  4  years  later.  FreeSurfer  software  was  used  to  esti-
mate the volume  of  limbic-striatal  regions  (amygdala,  hippocampus,  caudate,  putamen,
pallidum,  and  nucleus  accumbens)  and  the thickness  of  prefrontal  regions  (anterior  cin-
gulate  and  orbitofrontal  cortices)  across  both  time  points.  Higher  frequency  of positiveesilience
ositive
maternal  behavior  during  the  interactions  predicted  attenuated  volumetric  growth  in  the
right amygdala,  and  accelerated  cortical  thinning  in the right  anterior  cingulate  (males  only)
and left  and right  orbitofrontal  cortices,  between  baseline  and  follow  up.  These  results  have
dersta
hat hav
The Auimplications  for  un
mental disorders  t
©  2013 
. Introduction
Adverse childhood environments represent an impor-
ant  risk factor for the development of psychopathology
ater in life (Heim and Nemeroff, 2001; Moran et al., 2004),
nd  there is accumulating evidence that neurobiological
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e  onset  during  adolescence.
thors. Published by Elsevier Ltd. 
changes (particularly with regard to brain structure) may
mediate  this relationship (Tupler and De Bellis, 2006).
Indeed, there has been a recent surge of interest in the
effects of adverse childhood environments on structural
brain development, with a number of recent reviews
highlighting the deleterious effects of adverse early envi-
ronments on brain structure (Andersen and Teicher, 2008;
Hart  and Rubia, 2012; Lupien et al., 2009; McCrory et al.,
2010).
Although a focus on the effects of adverse childhood
environments on structural brain development is impor-
Open access under CC BY-NC-ND license.tant  and has implications for the development of targeted
interventions for at-risk individuals, the inﬂuence of pos-
itive  childhood environments on brain development is
equally  important to consider, given their importance
-NC-ND license.
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for predicting positive life outcomes (e.g., Woolley and
Grogan-Kaylor, 2006). In particular, positive (warm and
supportive) parenting has been suggested as a critical
environmental factor that has strong inﬂuences on child
outcomes. Speciﬁcally, supportive parenting early in life
has  been shown to have positive effects on cognitive,
behavioral, and psychological development throughout the
lifespan  (Beckwith et al., 1992; Eshel et al., 2006; Landry
et  al., 2008).
Despite this evidence, to date, little work has been con-
ducted that examines the effects of positive parenting on
brain  structure in children and adolescents. Nonetheless,
preliminary work has shown neurobiological effects of pos-
itive  parenting, albeit with some inconsistent ﬁndings. For
example,  work that has shown that maternal support in
early  childhood predict larger hippocampal volumes in
school-aged children (Luby et al., 2012). Other work, how-
ever,  has found that higher-quality parental care early in
life  (i.e., age 4) predicted smaller hippocampal volumes
during early-to-mid adolescence, as well as reduced gray
matter  in the anterior cingulate cortex (ACC) and thala-
mus  (Rao et al., 2010). The latter study also found that
parental nurturance later in childhood (i.e., age 8) predicted
reduced gray matter in the orbitofrontal cortex (OFC) and
fusiform  cortex, and increased gray matter in the superior
parietal and premotor cortices. Frye et al. (2010) found that
adolescents who had experienced consistent responsive
mothering during childhood had thinner cortex globally
than  those who had experienced inconsistent responsive
mothering.
Though this research shows promise in elucidating the
effects  of positive parenting on brain structure, there are
a  number of gaps in the literature. First, the majority of
research has focused on early (i.e., infancy and childhood)
positive parenting factors, and has largely neglected the
adolescent period. This is signiﬁcant in that we and others
have  shown that positive parenting during the adolescent
years is associated with favorable outcomes in terms of
adjustment and mental health (Aquilino and Supple, 2001;
Gaté  et al., 2013; Schwarz et al., 2012). Further, the period
of  adolescence is characterized by marked neurodevelop-
ment, second only to infancy in its extent (Andersen and
Teicher,  2008). Thus, increased brain plasticity during this
time  may  render the adolescent brain particularly sensitive
to  environmental inﬂuence (Bateson et al., 2004).
Second, to our knowledge, none of the existing research
has assessed longitudinal measures of brain development.
Such research is crucial for understanding how the neu-
robiological effects of positive parenting might change or
unfold  over time. This issue has been illustrated by ﬁndings
that  adverse environments have differential (and some-
times  opposite) effects on brain structure when assessed
in  childhood versus adulthood (see McCrory et al., 2010;
Tottenham and Sheridan, 2010), suggesting that the effects
of  parenting on the brain may  not be static but are likely to
change  across the life span. A wealth of animal studies indi-
cates  that environmental enhancement has effects on brain
development across the lifespan (Halperin and Healey,
2011). Further, other research has shown that develop-
ment of cortical thickness during adolescence is related to
cognitive  and emotional functioning. For example, studiesve Neuroscience 8 (2014) 7–17
have  found that accelerated cortical thinning in the ACC and
OFC  is associated with increased emotional and behavioral
functioning (Ducharme et al., 2013; Shaw et al., 2006;
Vijayakumar et al., in press-a, in press-b). It is of note that
in  these studies, exaggerations of the normative pattern
of  growth (i.e., cortical thinning, Shaw et al., 2006) appear
to  be ‘optimal’ (i.e., associated with superior functioning).
Less research has investigated the relationship between
volumetric change in subcortical structures and adolescent
functioning. Our previous work has shown that decreased
levels of psychopathology are associated with attenuated
growth of the amygdala, and accelerated growth of the
hippocampus, during adolescence (Whittle et al., 2013).
For  the hippocampus, this ﬁnding again appears to reﬂect
exaggerated normative growth (Dennison et al., 2013;
Ostby et al., 2009) as being ‘optimal’. Our amygdala ﬁnd-
ing  suggests that attenuated growth of the amygdala may
be  ‘optimal’, however, relating this ﬁnding to normative
development is difﬁcult, given that descriptions of nor-
mative amygdala growth during adolescence have been
inconsistent (Dennison et al., 2013; Ostby et al., 2009). In
any  case, studies of adolescent brain development appear
to  be important for understanding risk processes for ado-
lescent  emotional and behavioral outcomes.
The aim of the current study was  to examine the effects
of  positive parenting during early adolescence (i.e., 11–13)
on  structural brain development from early to midado-
lescence. Positive parenting was  operationalized as the
frequency of positive maternal behaviors displayed dur-
ing  observed conﬂictual interactions with their adolescent
children. The display of positive behaviors in such con-
texts  is thought to be particularly important for inﬂuencing
outcomes. For example, we  have found low levels of pos-
itive  maternal behaviors during conﬂictual interactions to
prospectively predict the onset of depressive disorders dur-
ing  adolescence (Schwartz et al., in press). We  focused on
the  structural development of a number of cortical and sub-
cortical  regions of interest (ROIs), which were chosen based
on  (a) the premise that an adolescent’s experience of their
mother’s positive behavior would primarily engage, and
hence  inﬂuence, neural circuitry implicated in processing
positive cues from the environment (i.e., reward process-
ing  and learning) and in regulating emotion, and (b) the
involvement of these regions in the research to date (e.g.,
Ducharme et al., 2013; Rao et al., 2010) that has found brain
structural associations with aspects of positive parenting
and  associated indices of adolescent functioning.
The structures investigated in this study include the
amygdala, hippocampus, dorsal and ventral striatum, OFC,
and  ACC. The striatum is thought to play a central role
in  synchronizing different aspects of reward and learning
(Everitt and Robbins, 2005). The OFC and ACC have been
associated with a number of cognitive, social and emotional
functions, including mediating different aspects of reward-
based  decision-making (Bush et al., 2002; Kringelbach,
2005), and regulating emotion and behavior (Ochsner and
Gross,  2005). The amygdala and hippocampus are thought
to  be involved in the detection and representation of affec-
tively  salient stimuli, and in relaying information about
emotional valence and salience for further processing
(Habel et al., 2005; Haber et al., 2006).
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Given the lack of longitudinal human research inves-
igating the impact of positive environments on brain
tructure, hypotheses were based on other research show-
ng  associations between age-related change in the volume
r  thickness of ROIs and aspects of the environment and
ehavior (discussed above). Given that positive parent-
ng  is thought to be associated with positive adolescent
utcomes, we hypothesized that high levels of positive
aternal behavior would be associated with accelerated
hinning of the ACC and OFC, accelerated growth of hip-
ocampus volumes, and attenuated growth of amygdala
olumes. Little is known about the normal developmental
atterns of the volumes of striatal regions during ado-
escence (Dennison et al., 2013; Ostby et al., 2009), let
lone,  how these patterns are associated with environ-
ental exposures or concurrent emotional or behavioral
evelopment. Thus, our analyses for striatal structure vol-
mes  were largely exploratory in nature. Given evidence
or  sex differences in both the development of reward-
elated brain regions during adolescence (Dennison et al.,
013),  and the effects of positive parenting on outcomes
Schwartz et al., in press), we explored the moderating role
f  sex in all analyses.
.  Materials and methods
.1.  Participants
Participants were a community sample of 188 adoles-
ents (92 females) recruited from primary schools (year 6)
cross  metropolitan Melbourne, Australia as part of a larger
ohort  study (the Orygen Adolescent Development Study
ADS]).  The aim of the ADS was to prospectively examine
iopsychosocial risk and protective factors for emotional
nd behavioral problems during adolescence. In order to
aximize  variability in such factors, the ADS screened a
arge  number (i.e., 2453) of early adolescents, on key affec-
ive  temperaments thought to promote risk and resilience
or  psychopathology (namely, Effortful Control and Neg-
tive  Affectivity, Ellis and Rothbart, 2001; Mezulis et al.,
011;  Muris et al., 2007), from primary schools in and
round metropolitan Melbourne, Australia, and selected a
maller  sample of adolescents (i.e., 415) to participate in
urther  longitudinal assessments. Speciﬁcally, equal num-
ers  of males and females were selected from each of
he  following ranges of scores on the Effortful Control
nd Negative Affectivity dimensions of the EATQ-R: 0–1,
–2,  2–2.5, and greater than 2.5 SD above and below the
ean. The selected 415 adolescents thus represented an
versampling of those with high and low temperamen-
al risk for psychopathology, and an undersampling of
hose  with an intermediate level of risk, resulting in a dis-
ribution  that retained the variance associated with the
arger  screening sample but was still normally distributed.
elected participants who agreed to partake in further
esearch (n = 245) were excluded from entering the study
f,  at an initial assessment, there was any evidence of cur-
ent  or past depressive, substance-use or eating disorder
n  = 4) established using the Kiddie Schedule for Affec-
ive  Disorders and Schizophrenia for school-age children
 Present and Lifetime [K-SADS-PL] interview (Kaufmanve Neuroscience 8 (2014) 7–17 9
et  al., 1997). Participants were excluded from neuroimag-
ing if there was  evidence of chronic illness, language or
learning disabilities, or use of medicines known to affect
nervous system functioning (n = 2). The 188 adolescents (92
females)  in the current study represented those who, from
the  selected sample of 415, consented to participating in
baseline  mother–child interaction tasks (n = 163), and/or
both  a baseline and follow-up neuroimaging assessment
(mean follow-up period = 3.80 years, SD = 0.20) and whose
Magnetic Resonance Imaging (MRI) scans were of accept-
able  quality for image analysis (n = 102, see below).
Intelligence was  assessed at baseline by a short form of
the  Wechsler Intelligence Scale for Children, Fourth Version
(WISC-IV, Wechsler, 2003). Socioeconomic status (SES) of
participants  was  estimated using the Australian National
University Four (ANU4) Scale (Jones and McMillan, 2001),
which  has a range of 0–100. Handedness was assessed
by the Edinburgh Handedness Inventory (Oldﬁeld, 1971),
and  88% of participants were right handed. After com-
plete description of the study to the participants, written
informed consent was  obtained from all adolescents and
their  parent/guardian in accordance with the guidelines of
the  Human Research Ethics Committee of the University of
Melbourne,  Australia.
2.2.  Procedure and measures
2.2.1.  Neuroimaging
2.2.1.1. Acquisition and pre-processing. Brain imaging was
conducted with 120 participants at both baseline and
follow-up. At baseline, MRI  scans were performed at
the  Brain Research Institute (BRI), Melbourne, Australia,
on  a 3 T GE (repetition time = 36 ms;  echo time = 9 ms;
ﬂip  angle = 35◦, ﬁeld-of-view = 20 cm2) to obtain 124
T1-weighted contiguous slices (i.e., voxel dimen-
sions = 0.4883 mm × 0.4883 mm × 1.5 mm).  Follow-up
scans were conducted at the Royal Children’s Hospital
(RCH), Melbourne, Australia, on a 3-T Siemens (repetition
time = 1900 ms;  echo time = 2.24 ms;  ﬂip angle = 9◦, ﬁeld
of  view = 23 cm2), producing 176 T1-weighted contiguous
slices (voxel dimensions = 0.9 mm3).
The stability of image acquisition in longitudinal and/or
multi-site studies is critical but may  be compromised in
several  ways, including instrument-related differences
between sites (e.g., scanner manufacturer), and instru-
ment/software upgrades within sites (Han et al., 2006).
In  the current study, steps were employed to address
two main sources of error (i.e., geometric distortion and
voxel  dimension drifts, Wang and Doddrell, 2005) that
are  known to result from multi-site and/or longitudinal
scanning. Firstly, images were corrected for tissue signal
inhomogeneity, which has been shown to result from
geometric distortion (Wang and Doddrell, 2005). This was
achieved  via a nonparametric non-uniformity intensity
normalization method optimized for 3 T images (Zheng
et  al., 2009). Secondly, voxel dimension drift was  corrected
using linear registration procedures employed by the
longitudinal processing stream in FreeSurfer (Version 5.1;
http://surfer.nmr.mgh.harvard.edu/fswiki/Longitudinal
Processing),  which involves the creation of an unbiased
within-subject template space and average image using
l Cogniti10 S. Whittle et al. / Developmenta
robust, inverse consistent registration (Reuter et al., 2010).
Further,  to investigate the possibility of inter-scanner
bias, an inter-scanner reliability study was performed (see
Dennison  et al., 2013; Vijayakumar et al., in press-b, for full
details).  This reliability study indicated no systematic inter-
scanner  bias in regional volumetric or thickness measures.
2.3.  ROI analysis
Subcortical (i.e., amygdala, hippocampus, caudate,
nucleus accumbens, putamen, and pallidum) volumes
and cortical ROI (i.e., ACC and OFC) thickness were esti-
mated  at baseline and follow-up using the longitudinal
stream in FreeSurfer version 5.1. The automated sub-
cortical segmentation procedure involves the assignment
of  a neuroanatomical label to each voxel in a MRI  vol-
ume  using a probabilistic atlas and Bayesian classiﬁcation
rule for label assignment. Subcortical segmentation out-
put  was visually inspected for accuracy by an individual
trained in neuroanatomy. Cortical thickness values were
automatically quantiﬁed within FreeSurfer on a vertex-by-
vertex basis by computing the average shortest distance
between the white matter boundary and the pial surface
(Fischl and Dale, 2000). Surface boundaries were visu-
ally  inspected by a trained rater and, if necessary, errors
due  to segmentation miss-classiﬁcation were manually
corrected and re-processed. Of the 120 longitudinal data
sets,  18 images were discarded due to excessive artifact
or  poor segmentation. Within each hemisphere, 34 cor-
tical  parcellation units of the cortex were automatically
identiﬁed and labeled according to the Desikan atlas of
gyral-based deﬁnitions included within FreeSurfer’s auto-
matic  cortical parcellation routine (Desikan et al., 2006).
ACC  and OFC ROI’s for each hemisphere were created by
combining the rostral and caudal ACC, and medial and lat-
eral  OFC parcellation units, respectively. Cortical thickness
was  averaged across all vertices within the ACC and OFC
ROI’s  for each subject. Whole brain volume (WBV) was
calculated at both time-points as the total of all gray and
white  matter as per the FreeSurfer segmentation. Average
thickness was calculated for left and right hemispheres as
the  average thickness of all parcellations in the respective
hemisphere.
Subcortical volumes were corrected for whole brain vol-
ume,  and cortical ROI thickness measures were corrected
for  average hemispheric thickness, using a covariance pro-
cedure  (Free et al., 1995).
2.3.1.  Family interaction assessment
One hundred and sixty three adolescents completed
a lab-based family interaction assessment with their
mothers at baseline. Adolescent-mother dyads completed
two  20-min interaction tasks that were videorecorded
for subsequent coding. An event-planning interaction
(EPI) was completed ﬁrst, followed by a problem-solving
interaction (PSI). The tasks were designed to differen-
tially elicit positive and negative behavior, respectively.
The ordering of tasks was ﬁxed because of concern
that negative affective states elicited by the problem-
solving task had the potential to persist into the positiveve Neuroscience 8 (2014) 7–17
event-planning task if conducted subsequently (Gilboa and
Revelle,  1994).
For  the EPI, mothers and adolescents were instructed to
plan  one or more pleasant events to do together, with up
to  ﬁve events chosen based on items that both the mother
and  adolescent rated as being ‘very pleasant’ on the Pleas-
ant  Events Schedule (MacPhillamy and Lewinsohn, 1976).
For  the PSI, up to ﬁve issues for discussion were selected
that both the mother and adolescent endorsed as occurring
the  most frequently and generating the highest intensity of
anger  on the Issues Checklist (Prinz et al., 1979).
2.3.1.1. Living in family environments (LIFE) coding system.
The  LIFE (Hops et al., 1995a) is an observational, microsocial
coding system that enables a detailed analysis of indi-
vidual family members’ behaviors and interactive family
behaviors. It consists of 10 nonverbal affect codes (e.g.,
anger, dysphoria, happy) and 27 verbal content codes (e.g.,
validation, complaint, provoke). Coding of videorecorded
interactions used an event-based protocol in which new
codes  were entered each time the affect or content of one
of  the interactants changed. The 10 affect and 27 verbal
content codes were used to develop composite behavior
constructs. In this study, the construct of interest was  Pos-
itive  Behavior, but we also used Aggressive Behavior to
examine  the speciﬁcity of ﬁndings to Positive Behavior. The
Positive  construct included all behaviors with happy or car-
ing  affect as well as approving, validating, affectionate or
humorous  comments made with neutral affect. The Aggres-
sive  construct included all behaviors with contemptuous,
angry, or belligerent affect, as well as cruel, provocative,
annoying/disruptive, or argumentative verbal statements
made with neutral affect.
LIFE data was used to construct a measure of behav-
ioral frequency for each construct, calculated as the rate
per  minute (rpm) of a particular behavior (i.e., the average
number of times a mother expressed a behavior type [i.e.,
Aggressive or Positive] per minute). Our previous research
using  this paradigm has indicated that cross-context effects
are  critical in predicting adolecent outcomes (Schwartz
et  al., in press). For example, adolescents whose moth-
ers  behave aggressively when asked to discuss something
pleasant with their child, and whose mothers ﬁnd it rel-
atively  difﬁcult to generate positivity when discussing a
conﬂictual  topic, may  be at particular risk for depression.
Thus, we used the frequency of positive maternal behav-
ior  from the PSI, and the frequency of aggressive maternal
behavior from the EPI, in all analyses.
Coders were extensively trained; approximately 20% of
the  interactions were coded by a second observer to pro-
vide  an estimate of observer agreement. Random pairs of
observers  were assigned to the interactions to minimize
‘drift’ between any two  observers. Inter-observer agree-
ment  was assessed using Kappa, a conservative index that
controls  for chance agreement (Hops et al., 1995b). Kappa
coefﬁcients for the Aggressive and Positive behavior con-
structs  were .70 and .86, respectively, across interactants.
The validity of the LIFE system as a measure of family pro-
cesses  has been established in numerous studies (e.g., Katz
and  Hunter, 2007; Sheeber et al., 2007).
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interaction (p < 0.001). Males had thicker whole brain cor-
rected  OFC’s than females. There was signiﬁcant thinning
in  the OFC over time, with greater thinning in the left com-
pared  to the right hemisphere. For the ACC, a repeated
Table 1
Demographic information at baseline.
Measure n Mean SD
Age at FI assessment 163 12.65 0.46
Age baseline MRI 102 12.62 0.44
Age follow-up MRI 102 16.42 0.50
IQ 102 106.68 11.03
SES 188 66.90 20.27
CESD 172 11.76 9.53
BAI 181 8.77 9.17S. Whittle et al. / Developmenta
.3.2. Self-report questionnaires
Given  that the frequency of maternal emotional behav-
ors  was linked to adolescent depressive and anxiety
ymptoms in the current cohort (Schwartz et al., 2012),
e  wished to take account of the possibility that adoles-
ent  symptoms at baseline might account for some of the
ffects  of maternal positive behavior on adolescent reward-
elated  neural circuitry development. As such, depressive
nd anxiety symptoms at baseline were assessed using the
enter  for Epidemiological Studies-Depression Scale (CES-
,  Radloff, 1977), and the Beck Anxiety Inventory (Beck and
teer,  1993), respectively.
.4.  Treatment of missing data
Of the 188 adolescents with available MRI  and/or
other–child interaction data, 86 (46%) had missing MRI
nd  IQ data, 25 (13%) had missing mother–child inter-
ction data, 16 (9%) had missing CESD data, and 7 (4%)
ad  missing BAI data. Those with and without MRI  data
id  not differ on gender, SES, symptoms or any EATQ-R
emperament variable (p′ > 0.12). Those with and without
other–child interaction also data did not differ on any of
hese  variables (p′s > 0.17). Missing data were handled with
ull  information maximum likelihood (FIML) procedures.
IML is a direct model-based method for estimating param-
ters  in the presence of missing data (Olinsky et al., 2003),
nd  involves estimation of parameters on the basis of the
vailable  complete data as well as the implied values of the
issing  data given the observed data. It has been suggested
hat  FIML is a suitable method for taking account of miss-
ng  data, even when up to 50% of data is missing, as long as
uxiliary  variables are used to improve the missing data
odel  and subsequent analyses (Schlomer et al., 2010).
emperament variables from the EATQ-R (administered at
aseline  to all participants) were used as auxiliary vari-
bles  in the FIML estimation. Although FIML was deemed a
uitable  method for taking account of missing data in the
ample,  given the large amount of missing MRI  data, we  also
eran  analyses using data only from those participants with
omplete  MRI  and mother–child interaction data (n = 77).
.5. Data analysis
To  measure brain ‘development’, residual change scores
ere  calculated for each ROI such that the resulting ROI
hange  score was a measure of deviation from the predicted
attern of volume/thickness change over time (based on
he  average of all participants), whereby positive scores
ndicated greater change as compared to the average
attern, and negative scores indicated less change as com-
ared  to the average pattern. Residualized rather than
rithmetic change scores were used because they account
or  the correlation between baseline and change, and are
hought  to be less prone to measurement error (Bergh and
airbank,  2002). A series of hierarchical linear regression
nalyses were performed to assess the effects of positive
aternal behavior on change in volume or thickness of
ach  ROI. The change measure was the dependent variable
n  each analysis. Age at baseline MRI, SES, IQ, depressive and
nxiety  symptoms were included as covariates in the ﬁrstve Neuroscience 8 (2014) 7–17 11
step  of the regression. Rate of aggressive maternal behavior
during the EPI was also entered as a covariate in this step so
as  to ensure that the effects observed for positive maternal
behavior were not better explained by aggressive maternal
behavior. Rate of positive maternal behavior and sex were
added  as predictors in the second step of the regression,
and a rate of positive maternal behavior by sex interaction
term was added as a predictor in the third and ﬁnal step of
the  regression. The rate of positive maternal behavior was
centered  prior to creating the interaction term. All anal-
yses  were conducted using Mplus software (Muthén and
Muthén,  1998–2012). Note that associations between pos-
itive  maternal behavior and brain structure at both baseline
and  follow-up were investigated (using the same regres-
sion  procedure described above) in order to provide a full
picture  of associations in the data. Given that brain devel-
opment was the primary focus of the study, the ﬁndings
regarding associations between baseline maternal behav-
ior,  and baseline and follow-up ROI structure, are reported
as  Supplementary data. All regression coefﬁcients reported
below  are standardized beta estimates.
3. Results
Demographic data at baseline and follow-up are pre-
sented in Table 1, and subcortical brain volumes and
cortical thicknesses for ROIs for each hemisphere at base-
line  and follow up assessments are presented in Table 2.
We  have previously described the change in subcorti-
cal volumes from early to midadolescence in this sample
(Dennison et al., 2013). Brieﬂy, we  found the caudate,
thalamus and putamen to decline in volume over time.
The  pallidum and hippocampus increased in volume over
time.  While the left nucleus accumbens increased in size,
the  right accumbens decreased in size over the follow-up
period. While amygdala volume did not change over time,
there  was  a main effect of hemisphere such that the left
amygdala was larger than the right. For the OFC, a repeated
measures ANOVA with time and hemisphere as within-
subjects variables and sex as the between subjects variable,
revealed signiﬁcant main effects of time (p < 0.001) and
gender (p < 0.001), and a signiﬁcant time by hemisphereMaternal positive (rpm) 163 1.66 0.70
Maternal aggressive (rpm) 163 0.61 0.43
Years to follow up 102 3.78 0.20
Abbreviations: FI, family interaction; rpm, rate per minute.
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Table 2
Subcortical brain volumes and cortical thicknesses for regions of interest for each hemisphere at baseline and follow up assessments. The mean whole
brain  volume was 1,344,847.69 mm3 (SD = 114,763.72) at baseline, and 1,377,601.97 mm3 (SD = 133,588.44) at follow up.
Baseline MRI  Follow Up MRI
LH RH LH RH
Mean SD Mean SD Mean SD Mean SD
Subcortical volume (mm3)
Amygdala 1621.84 208.70 1621.90 205.17 1694.39 214.63 1665.39 209.51
Hippocampus 4514.11 489.78 4555.26 454.89 4584.58 476.30 4730.37 449.78
Caudate 4458.87 555.18 4427.59 567.35 4244.23 571.40 4240.84 599.15
Nucleus accumbens 496.59 90.79 716.76 104.82 528.25 83.37 675.53 91.93
Putamen 7427.99 742.76 7323.56 788.01 7080.24 780.31 7158.75 869.11
Pallidum 2163.60 263.08 1942.75 233.53 2354.31 329.97 2015.12 256.24
Cortical thickness (mm)
Whole  brain average 2.93 0.12 2.94 0.12 2.92 0.12 2.95 0.12
Anterior cingulate (ACC) 3.27 0.24 3.23 
Orbitofrontal (OFC) 3.01 0.15 3.00 
Abbreviations: LH, left hemisphere; RH, right hemisphere.
measures ANOVA revealed signiﬁcant main effects of time
(p  = 0.001) and hemisphere (p = 0.004), and a signiﬁcant
time by hemisphere interaction (p < 0.001). Whole brain
corrected thickness was  greater in the left compared to
the  right ACC. There was signiﬁcant thinning in the ACC
over  time, with greater in the right compared to the left
hemisphere.
Regarding the effects of positive maternal behavior on
brain  change, there were signiﬁcant effects for the right
amygdala (  ˇ = −0.284, p = 0.014), and left and right OFC
(ˇ  = −0.262, p = 0.024;  ˇ = −0.258, p = 0.022, respectively).
Higher rate of positive maternal behavior was associ-
ated with reduced growth of the right amygdala from
early- to mid-adolescence, and was also associated with
greater  thinning of the left and right OFC (see Fig. 1).
Positive maternal behavior also interacted with sex to pre-
dict  right ACC change (  ˇ = −0.311, p = 0.045). Follow-up
analyses showed that positive maternal behavior was  asso-
ciated  with greater thinning of the right ACC for males
(ˇ  = −0.525, p = 0.007; see Fig. 1), but showed no association
with thinning for females (  ˇ = 0.042, p = 0.789, respec-
tively). Aggressive maternal behavior was associated with
change  in only one ROI, the right putamen; speciﬁcally,
it predicted increased growth of this structure over time
(ˇ  = 0.306, p = 0.012).1
4. Discussion
To our knowledge, this is the ﬁrst human study to
investigate the effect of variations in positive family
environments during early adolescence on the structural
development of the brain over time using a prospec-
tive, longitudinal design. We  found that the frequency
of positive maternal behavior during early adolescence
was associated with structural development of regions
implicated in reward processes, emotional reactivity and
regulation, with some sex differences also being observed.
1 Analyses using only participants with complete MRI  and maternal
behavior data (n = 77) yielded the same pattern of results. That is, all results
remained signiﬁcant at the p < 0.05 level.0.23 3.25 0.23 3.15 0.20
0.17 2.88 0.18 2.94 0.17
While maternal aggressive behavior predicted increased
growth of the right putamen, none of the effects observed
for  positive maternal behavior were better explained by
rate  of aggressive maternal behavior, suggesting some
speciﬁcity of the effects of positive environments on ado-
lescent  brain development.
While  we found that positive parenting was associ-
ated with development in a number of regions, it was
not  associated with the structure of the majority of these
regions at baseline or follow-up (see Supplementary data).
These  ﬁndings suggest that for some brain regions, mea-
sures  of developmental change may  be more sensitive to,
or  may reveal more complex associations with, positive
environments than do measures of absolute volume or
thickness. Our ﬁndings also highlight the fact that asso-
ciations in cross-sectional studies may  differ markedly
depending on the age at which brain structure is measured,
which has signiﬁcant implications for interpretations of
ﬁndings.  Further, cross-sectional studies that include ado-
lescents  spanning wide age ranges may  produce anomalous
ﬁndings because they have not considered inter-individual
differences in the marked development of the brain during
the  adolescent period.
We  found that higher frequency of positive maternal
behavior was associated with reduced growth of the right
amygdala, and accelerated thinning of the left and right
OFC  and right ACC (males only) from early to midadoles-
cence. The results for the ACC and OFC are consistent with
hypotheses, and with work showing that similar devel-
opmental trajectories of these structures are associated
superior cognitive and emotional functioning. Speciﬁcally,
Shaw et al. (2006), using a cohort-sequential design, found
that  adolescents with superior intellectual abilities exhib-
ited  greater cortical thinning in a number of cortical areas,
including the OFC, into adulthood. Ducharme et al. (2013),
also  using a cohort-sequential design, found that lower lev-
els  of internalizing symptoms were associated with greater
thinning in the OFC and ACC. Finally, in other work with
the  current sample, we  have found that greater thinning in
the  ACC was  associated with higher temperamental effort-
ful  control (Vijayakumar et al., in press-b). Given these
ﬁndings, and given that positive maternal behaviors are
S. Whittle et al. / Developmental Cognitive Neuroscience 8 (2014) 7–17 13
thought to shape the development of their children’s abil-
ity  to regulate emotion and behaviors (Yap et al., 2010), it is
possible  that the effects of positive maternal behaviors on
the  development of the ACC and OFC during adolescence,
in turn, have effects on adolescents’ regulation abilities.
Further research is needed to investigate this possibility.
Our ﬁnding regarding the amygdala was  also consistent
with hypotheses, which were based on our previous ﬁnding
that  low levels of psychopathology were associated with
attenuated amygdala development from early to midado-
lescence (Whittle et al., 2013). Although no other human
study  to date has reported an effect of positive parenting
on amygdala structure, there is some evidence from ani-
mal  studies that environmental enrichment has an effect
on  amygdala development (Okuda et al., 2009). The amyg-
dala  is thought to be primarily involved in detection of,
and  reactivity to, emotionally salient stimuli (Habel et al.,
2005).  There is also evidence that the interaction between
prefrontal structures and the amygdala is critical to emo-
tion  regulation; speciﬁcally prefrontal down-regulation of
amygdala  activity has been associated with the attenuation
of  negative affect during emotion regulation (Banks et al.,
2007).  As such, the association between maternal posi-
tive  behavior and attenuated growth of amygdala volume
across  adolescence may  reﬂect a decrease in emotional
reactivity and an increase in emotion regulation abilities.
Again, further researcher is required to examine this pos-
sibility.
These  ﬁndings are interesting to consider in the context
of  the normative development of these structures during
adolescence. We and others have found evidence for nor-
mative  thinning in the OFC and ACC across adolescence
(Shaw et al., 2006; Vijayakumar et al., in press-a, in press-b).
Thus,  our ﬁndings suggest that positive maternal behavior
is  associated with an augmentation of the ‘normal’ pattern
of  development of these regions during adolescence. Corti-
cal  thinning during adolescence is thought to reﬂect some
combination of synaptic pruning, changes in axonal caliber,
proliferation of glial cells and increased myelination of pre-
viously  unmyelinated tissue at the periphery of the brain
(Bourgeois and Rakic, 1993; Huttenlocher and Dabholkar,
1997; Paus et al., 2008; Sowell et al., 2004). These neu-
robiological processes are thought to improve neuronal
efﬁciency, stability and temporal precision of neuronal ﬁr-
ing  patterns (Lewis, 1997; Rutherford et al., 1998). While
cortical thinning during adolescence is thus thought to
be  adaptive, adult studies report thicker prefrontal cor-
tex  to be associated with superior functioning, including
enhanced fear regulation (Rauch et al., 2005) and exec-
utive control (Westlye et al., 2011). Further research is
required to examine the mechanisms underlying the devel-
opment  of cortical thickness from late adolescence to early
Fig. 1. Effects of positive high and low maternal behavior (based on
median split) on development of right amygdala volume, left and right
orbitofrontal cortex (OFC) thickness, and male right anterior cingulate
cortex (ACC) thickness, from baseline (early adolescence) to follow-up
(midadolescence). Plotted values take into account covariates (including
whole brain volume for the amygdala and average hemispheric thickness
for the OFC and ACC). LH, left hemisphere; RH, right hemisphere.
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adulthood, and to investigate the point at which thinning
presumably becomes no longer adaptive.
There is inconsistent evidence regarding the normal
pattern of amygdala development during adolescence.
Although we  found no evidence for signiﬁcant develop-
ment of the amygdala from early- to mid-adolescence in
this  sample (Dennison et al., 2013), others have found nor-
mative  increases in the volume of this structure over the
adolescent years (e.g., Ostby et al., 2009). In any case, our
ﬁndings  suggest that relatively reduced amygdala growth
during  early- to mid-adolescence may  be developmentally
optimal. Environmental stress has been suggested as key in
shaping  amygdala development across the lifespan (Lupien
et  al., 2009), largely due to the key role of the amygdala
in modulating hypothalamic–pituitary–adrenal (HPA)
axis  function (Dedovic et al., 2009). As such, attenuated
amygdala development associated with positive maternal
behavior may  be due to altered HPA axis function. This
speculation is consistent with animal research showing
increased maternal care to be associated with reduced HPA
axis  responsiveness and stress susceptibility (Plotsky and
Meaney,  1993), and also with human research showing a
longitudinal association between reduced perceived stress
and  reductions in amygdala volume in adults (Hölzel et al.,
2010).
Our  ﬁndings may  have implications for understand-
ing the mechanisms underlying the relationship between
positive parenting and reduced risk for a range of nega-
tive  outcomes. Given that the speciﬁc measure of positive
maternal behavior utilized in the current study has been
particularly implicated in protection against the develop-
ment  of depression (Schwartz et al., in press), our ﬁndings
may  be particularly relevant for understanding the mecha-
nisms  conferring resilience for this disorder. Abnormalities
in the structure and function of all of the regions asso-
ciated with positive parenting in the current study (i.e.,
amygdala, OFC, ACC) have been found in both adoles-
cent and adult depression. For example, while structural
abnormalities in the amygdala have been inconsistent in
adolescent  depression, there is evidence that larger amyg-
dala  volumes might be a risk factor for depression onset
during adulthood (Lorenzetti et al., 2009b). Given that in
the  current study, positive maternal behavior was asso-
ciated  with reduced growth of the right amygdala such
that  those experiencing high levels of positive maternal
behavior had relatively smaller right amygdala at follow-
up  (approximately age 16), it may  be that reduced growth
of  the amygdala during adolescence might be a protective
factor mediating the link between high levels of positive
maternal behavior and resilience to developing depression.
Reductions in gray matter volume and cortical thickness in
the  OFC and ACC (among other prefrontal regions) have
been  consistently reported in adult depression (Drevets,
2007; Lorenzetti et al., 2009a; Price and Drevets, 2010).
Less  work has been done in adolescent depression, and
the  existing research has been inconsistent (Botteron et al.,
2002;  Nolan et al., 2002; Shad et al., 2012; Steingard et al.,
2002).  Although it is unclear how the trajectories of thin-
ning  in the OFC and ACC during early to midadolescence
might extrapolate into late adolescence and adulthood,
one can only presume that the increased cognitive andve Neuroscience 8 (2014) 7–17
behavioral functioning associated with increased thinning
during  this age period are protective against the devel-
opment of depression. Whether the structural ﬁndings
associated with increased positive parenting in our data
represent a marker of protection against the development
of depression, or other negative outcomes, should be the
subject  of future investigation.
Although  negative environmental factors have been
found to inﬂuence many of the structures assessed in
the  current study (Lupien et al., 2009), it is noteworthy
that aggressive maternal behavior was  controlled for in
all  analyses, and as such, we  can be conﬁdent that the
brain regions we  found to be associated with positive
parenting are likely to have been speciﬁcally inﬂuenced
by positive, as opposed to negative, aspects of parenting.
These results suggest that positive and aggressive mater-
nal  behavior do not exist on a continuum of positive to
negative, but rather may  reﬂect two  different aspects of
parenting behaviors that have distinct effects on children’s
brain development.
There are a number of limitations to this study that
should be kept in mind when interpreting results. First,
although this study is unique in that it utilized a within-
subjects repeated measures design, the availability of
imaging data from only two  time points during early- and
mid-adolescence limited modeling to linear patterns of
brain  development, and as such, we  cannot comment on
whether  positive parenting has non-linear effects on brain
development, or whether the effects may  extend into late
adolescence and adulthood. Second, although the use of
observed  (as opposed to self-report) measures of mater-
nal  behavior is a strength of the study, as was the decision
to  focus on a measure of positive maternal behavior that
has  been speciﬁcally linked to protection against depres-
sion, we  did not assess other (or more speciﬁc) aspects of
positive  parenting (such as warmth, responsivity, and sup-
port)  that may  be important protective factors for other
deleterious outcomes. Future research should utilize other
measures of positive parenting (and positive environments
more broadly) to examine the speciﬁcity versus gener-
alizability of the present results. Third, we were unable
to  include fathers in analyses, due to the low number of
participating fathers in the study. Fathers play a signiﬁ-
cant  role in the socialization of emotion in their children,
although this may  differ to that of mothers (Cassano et al.,
2006;  Jacob and Johnson, 2001; Sheeber et al., 2007).
Forth, as MRI  scans were acquired multisite, with differ-
ent  imaging sequences acquired at each site, there is a
possibility of scanner/sequence bias affecting volumetric
and thickness estimates. However, post-acquisition pro-
cedures  were adopted to minimize, as much as possible,
any scanner/sequence effects on the acquired images. An
inter-scanner reliability assessment also indicated no sys-
tematic  inter-scanner bias. Further, it is very unlikely
that the measure of positive maternal behavior interacted
with scanner or sequence type in any way  that might
bias the reported results. Fifth, it has been suggested
that reliability for some FreeSurfer delineated structures
(particularly the amygdala and nucleus accumbens) is rel-
atively  low, and as such, the results for these structures
should be interpreted with caution. However, it is of note
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hat sample sizes of approximately 80 and above are sug-
ested  to be adequately powered to detect small to medium
ffect  sizes in these structures (Morey et al., 2010). Sixth,
iven  our temperamental sampling strategy, our results
ay  have restricted generalizability. Seventh, although
e  have suggested that parenting behaviors during
dolescence may  be particularly likely to inﬂuence ado-
escent  brain structure due to brain plasticity, it may
e  the case that parenting behaviors during childhood
ay  be equally as predictive. Indeed, there is evidence
or stability over childhood and adolescence when one
xamines measures of parent–child relationship close-
ess,  conﬂict, and autonomy (Loeber et al., 2000; Sheeber
t  al., 1998). Finally, we did not control for multiple com-
arisons, and hence, ﬁndings should be interpreted with
aution  (particularly those with small effect sizes), and
hould  be replicated before any ﬁrm conclusions can be
ade.
In  conclusion, we have found, for the ﬁrst time,
ongitudinal effects of positive parenting on structural
evelopment of the brain during adolescence. Given that
ositive  parenting has been found to be associated with
ncreased positive adolescent outcomes, and resilience
gainst negative adolescent outcomes, our results have
mplications for understanding the mechanisms underly-
ng  these relationships.
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